Abstract A nearly year-long series of upper ocean temperature, conductivity, and temperature microstructure profiles were collected from an ice camp drifting in the Beaufort Gyre as part of the 1997-1998 Surface Heat Budget of the Arctic Experiment (SHEBA). Geographically, the record includes portions over the deep Canada Basin and the steep bathymetry of the Chukchi Borderlands region. Hydrographically, the record includes ''cool,'' Pacific-origin haloclines, which contain a variety of subsurface temperature maxima, and cold haloclines typical of the Eurasian Basins. We present estimates of the vertical turbulent diffusivity derived from the dissipation rate of thermal variance and calculations of the associated vertical heat fluxes. We find that vertical diffusion proceeds at molecular rates in the deep basins and away from topographic features. While still relatively small, diffusivity is enhanced by 1 order of magnitude near and above the Chukchi Borderlands. The enhanced diffusivity is correlated to an increase in water column strain variance above the Borderlands, providing a linkage between bathymetry, internal wave activity and turbulence. The Chukchi Borderlands play a significant role in heat transport in the Western Arctic. They are a pathway for horizontal heat transport and a hot spot for vertical heat transport. Vertical fluxes make a substantial contribution to the energy balance of the sea ice cover in this region. Heat fluxes between the halocline and underlying Atlantic Water are shown to be small and lacking vertical connection near surface waters.
Introduction
The Arctic Ocean halocline separates the polar surface layer from underlying, relatively warm Atlantic Water (AW). In the Canadian and Makarov Basins, there are two general types of halocline. Cool haloclines, which are influenced by Pacific-origin water masses, contain a variety of heat-carrying layers. Cold haloclines, characteristic of the Eurasian Basins, are close to the freezing point and effectively isolate the surface layer from the AW. If the heat contained in the halocline or AW was transported to the surface, the sea ice would be significantly impacted. Prediction of vertical heat transport in the Arctic halocline requires an accurate parameterization of the vertical diffusivity. In this paper, we present estimates of the vertical diffusivity of heat over smooth and rough topography in the western Arctic halocline during the late 1990s. We apply these diffusivities to observed temperature profiles to calculate heat fluxes, providing a spatial view of halocline heat transport in the region. These estimates establish a baseline for the mixing environment in the Arctic Ocean at the onset of the perennial ice cover retreat that has been observed in the region over the last decade and a half.
Owing to the logistical challenges of operating in the area, studies of Arctic Ocean turbulence below the surface layer are limited. Results from the available studies have emphasized weak levels of vertical mixing above the deep Arctic basins, with some enhanced mixing observed near bathymetric features. Within the basins, Rainville and Winsor [2008] and Fer [2009] find that the vertical diffusivity is close to molecular levels. In contrast, Padman and Dillon [1991] calculate vertical diffusivities as large as 2.5 3 10 24 m 2 s 21 above the
In the context of the ongoing reduction in the extent and thickness of the perennial sea ice cover, it is expected that the Arctic Ocean internal wavefield will become more energetic, at least seasonally. Rainville and Woodgate [2009] have recently documented the dramatic increases in inertial wave generation and mixed layer deepening that occurs in ice free compared to ice-covered waters.
However, a collection of recent estimates of Arctic Ocean mixing rates shows no substantial increases from historical observations [Guthrie et al., 2013] . There is also recent interest in how heat contained in near-surface temperature maxima in the upper halocline affects the sea ice cover [Jackson et al., 2010 [Jackson et al., , 2011 [Jackson et al., , 2012 Toole et al., 2010] and in the processes that contribute to heat loss from the AW [Flanagan and Radko, 2013; Polyakov et al., 2010; Timmermans et al., 2008] . The sources and variability of heat-containing layers in the western Arctic have been discussed thoroughly, but vertical turbulent fluxes from these layers have not been quantified.
Upper ocean observations obtained during the 1997-1998 Surface Heat Budget of the Arctic Ocean (SHEBA) field program provide an opportunity to quantify vertical turbulent diffusivity and heat flux in the western Arctic. The objectives of the present study are to (1) establish the halocline diffusivity of the deep Canada Basin and the Chukchi Borderlands region, (2) investigate sources of variability including enhancements near topographic features, and (3) estimate heat fluxes from the various heat-containing layers within the halocline. The SHEBA observations provide unprecedented sampling coverage of upper Arctic Ocean turbulence. The calculated diffusivities, based on measurements obtained before the dramatic decrease in the sea ice cover starting in this century, provide a baseline for assessing how the Arctic Ocean is responding to global climate change. The SHEBA drift crossed the Chukchi Borderlands, a region where summer ice melt has been extensive.
Observations
The nearly year-long SHEBA field program (see Uttal et al. [2002] and Perovich and Moritz [2002] for summary) was executed from an ice camp established on a multiyear ice floe in the western Arctic (Figure 1) . Shaw et al. [2009] describe thermal-microstructure-derived heat flux estimates at the base of the surface mixing layer. In this paper, the data set is used to estimate turbulent diffusivity and heat fluxes across the halocline.
A CTD and thermal microstructure package was operated throughout the drift. The CTD was a pumped, dual-sensor Seabird 911. The microstructure package, including two fast-response Thermometrics FP07 thermistors, each sampled at 188 Hz, was mounted at the bottom of the CTD cage. The thermistors were mounted 6.4 cm apart in the horizontal direction. An automated, computer-controlled winch cycled the profiler at a nominal speed of 0.35 m s 21 from the surface to a depth of 155-160 m. The CTD data were processed using the alignment, filtering, and thermal lag correction techniques recommended by Seabird.
Only data from the downgoing portions of the casts is used here, because the fast thermistor sensors were obstructed by the CTD on the upgoing portions. A total of 12,350 casts were made during the program. Of these, 9395 casts had CTD and microstructure temperature data of sufficient quality to make turbulence estimates. High-quality casts were defined as those for which temperature signals from the Seabird and FPO7 sensors were highly correlated and the FP07 data did not contain spikes. Further details on the CTD data return, quality, and description are provided in Shaw et al. [2009] . These rapid, shallow casts are supplemented by less frequent, but deeper CTD casts (there were no microstructure sensors on the ''deep'' CTD). Over the course of the drift, 46 of these deep CTD casts were made, typically down to about 450-500 m depth (and limited in some instances by local water depth) 
Geographic and Hydrographic Setting
From the perspective of turbulent diffusivity and heat flux, the SHEBA record is valuable because it contains variability in (1) bottom bathymetry types that may affect internal wave energetics and therefore magnitude of diffusivity and (2) vertical structure of heat-containing layers (Figures 1 and 2 ).
The SHEBA camp was established in the middle of the Canada Basin, where the seafloor was smooth and nearly 4000 m deep. CTD observations commenced on 12 October 1997 (1997 year day 285). Between February and August 1998 (1997 year day 401-575) the camp drifted over the irregular and steeply sloping Chukchi Borderlands, a protrusion of the Chukchi Sea Slope into the Canada Basin (Figures 1 and 2a) , known to affect halocline and AW circulation [Woodgate et al., 2005; Steele et al., 2004; Shimada et al., 2001] . Water depths shoaled to less than 1000 m over the Borderlands. The drift track crossed the Northwind Ridge (where water depth varied between 1000 and 750 m) and the rough Northwind Abyssal Plain, nearly perpendicular to the axis of the feature, and continued westward to the southern Chukchi Plateau (the part of the Chukchi Plateau that is connected to the continental slope of the Chukchi Sea). Over the southern Chukchi Plateau, the drift track turned north and the camp crossed the ''Gap'' separating the southern and northern portions of the Chukchi Plateau (also known as the Chukchi Cap). Over the Chukchi Plateau, water depth ranged from 300 to 600 m. Between 1 and 25 August 1998 (1997 year day 578-602), the camp meandered off of the Chukchi Plateau and out over the deep Mendeleev Abyssal Plain. The profiler observations ended on 30 September 1998 (1997 year day 638).
To aid in the presentation of results, we introduce regional subsets of the data set that are largely based on the bathymetric features underlying the drift. These subsets are delineated in Figure 2a and listed here: Central Canada Basin (year days 285-340), Western Canada Basin (year days 340-380), Northwind Ridge and Plain (year days 380-441), Southern Chukchi Plateau (year days 441-534), Northern Chukchi Plateau (year days 534-574), and Mendeleyev Abyssal Plain (year day 574-638).
Sections of salinity (S), potential temperature (T), and the departure from freezing (dT)-S relation from the combined profiler and deep CTD casts (Figures 2b-2d ) and a section of vertical T gradient from the profiler (Figure 3 ) illustrate the variable structure of the halocline and AW, and the strong control on ocean properties provided by the bathymetry of the Chukchi Borderlands. Here, we highlight aspects of the structure and heat content of the halocline and AW that are germane to turbulent diffusivity and vertical heat transport (additional description of the hydrographic conditions during SHEBA are provided by Shimada et al. [2001] , McLaughlin et al. [2004] , and Shaw et al. [2009] ). For water mass names within the halocline, we adopt the conventions of Steele et al. [2004] . The sections in Figure 2 are produced using daily averaged quantities from the profiler time series and the unaveraged deep CTD casts. For Figure 3 , however, vertical gradients from one unaveraged profile are plotted for each day to emphasize the structure associated with intrusive interleaving features, which vary sufficiently rapidly in space/time that they do not survive averaging over 1 day intervals.
As noted above, a primary hydrographic distinction is between cold and cool haloclines. Over the Canada Basin, Northwind Ridge, and Southern Chukchi Plateau, the halocline contained a variety of subsurface temperature maxima (Figures 2c and 2d ). As detailed by McLaughlin et al. [2004] , there was a front between Pacific and Atlantic water mass assemblies at the Chukchi Gap, between the Southern and Northern Chukchi regions. Over the Northern Chukchi Plateau and Mendeleev Abyssal Plain, the halocline lacked thermal structure and was close to the freezing point; i.e., it was a cold halocline typical of the Eurasian Basins.
At the start of the drift in October, large ice melt from the previous summer produced a fresh surface layer and strong stratification at the base of the surface layer ( Figure 2b ). There were relatively small amounts of heat in two distinct subsurface temperature maxima in the upper portion of the halocline (Figure 2c ). The shallow temperature maximum, just below the base of the surface mixed layer, resulted from the trapping of solar insolation by summer meltwater. The deeper maximum, at a depth of about 50 m, is an advective feature. Its salinity range of 31-32 psu marks it as Alaska Current Water (ACW) that has come off of the Alaskan Continental Shelf. The ACW is present in the record through to the Chukchi.
Over the Chukchi Borderlands, surface layer salinity increased, reducing stratification at the base of the mixed layer (Figure 2b ). The warmest temperatures within the ACW were contained within a swath clearly delineated by the Northwind Ridge and Northwind Abyssal Plain, highlighting these features as a preferred pathway for the ACW [e.g., Shimada et al., 2001] . Above the southern Chukchi Plateau, a deeper temperature maximum at about 75-80 m depth is intermittently present in the salinity range 32-33 psu. This is the signature of another advective feature, summer Bering Sea Water (sBSW), a Pacific-origin layer that is modified over the Chukchi Shelf [e.g., Shimada et al., 2004] . By year day 574, the camp had drifted back into deep water. By this point, the surface layer was beginning to freshen due to summer ice melt, and a small subsurface temperature maximum was developing from trapping of local insolation.
Throughout the record, there is a robust temperature minimum within the halocline. In the cool halocline this occurs at salinity of 33 psu within winter Bering Sea Water (wBSW). The temperature minimum is broader within the cold halocline. Underlying the temperature minimum is the Lower Halocline Layer, in which temperature increases with depth. The continuity of the temperature minimum in both the cool and cold haloclines throughout the record immediately indicates that there was no vertical heat transport between the lower halocline (and underlying AW) and near-surface waters.
The interface between the lower halocline and the Atlantic Water layer is marked by an increase in the temperature gradient at a salinity of about 34.25 psu. Between the Canada Basin and the Chukchi Borderlands, there is a general shoaling of isohalines associated with the baroclinic, surface-intensified Beaufort Gyre (Figure 2b ; between the start of the drift and year day 450) and the depth and of the temperature minimum, and the boundary between lower halocline and Atlantic Water decreases (Figure 2c 
Diffusivity and Heat Flux Calculations

Overview of Challenges
The temperature gradient section ( Figure 3 ) foreshadows two main challenges in analyzing thermal microstructure data in the Arctic halocline. The first is the low signal levels that result from a combination of often-sluggish turbulence and small background temperature gradients [e.g., Fer, 2009; Rainville and Winsor, 2008] . Although there are distinctive thermal signatures associated with the subsurface temperature maxima and the interleaving features in the SHEBA record, there are also large portions of the record with very small temperature gradients. The problem of low environmental signal levels is compounded by the relatively high noise level of the fast-response thermistors onboard the automated profiler, which had to be durable enough to function semiautonomously, with limited supervision and opportunities for refurbishments and repairs. An outcome of these design trade-offs was that the noise level of the thermal microstructure data was larger than those obtained with dedicated, free-falling systems. A second challenge is the presence of the rapidly evolving fine structure ( Figures 3 and 4) , which contaminates estimates of turbulent temperature variance and complicates the assignment of background temperature gradients that are needed to estimate diffusivity. Our approaches for overcoming these challenges are described below.
We considered two approaches to dealing with the low signal levels and the presence of interleaving fine structure. One approach is to ensemble average many profiles together to define the large-scale background profiles. This approach improves statistical estimates, but in terms of separating the components of the temperature signal it groups the fine structure and turbulent motions together as the fluctuations. As discussed by Joyce [1977] and Davis [1994] , however, this decomposition leads to errors in the application of the Osborn-Cox model (see below) because the turbulent fluctuations act on the vertical gradients of the intrusions and the intrusion fluctuations act on the unmeasured horizontal gradients of the large-scale background. To avoid these problems in application of the Osborn-Cox model, we based our results on estimates of individual profiles that were divided into vertical segments that were chosen to preserve the structure of the large-scale and intrusion components as much as possible. This approach separates the temperature signal into a background component that comprises the largescale background flow and the intrusions, and a fluctuating component that represents the turbulent fluctuations.
Temperature Dissipation Rate
The fundamental quantity estimated from the thermal microstructure measurements is the rate of destruction of turbulent temperature variance, given by
for one-dimensional measurements in an assumed isotropic turbulent field [e.g., Dillon and Caldwell, 1980] . Here, j T is the molecular diffusivity of heat (equal to 1.4 3 10 27 m 2 s 21 , dT 0 =dz is the vertical derivative of the turbulent temperature field, and the overline notation indicates temporal averaging along a ''segment'' of a vertical profile.
After calibration (against the Seabird temperature sensor), frequency response and noise floor corrections were applied, the temperature signals from the two, horizontally separated, fast-response thermistors were differenced to remove the component of the temperature signal arising from fine structure, which is assumed to vary only in the vertical direction. v was estimated spectrally from this difference signal, within nominal 1 m thick profile segments, applying a spectral correction for Batchelor-model turbulence variance removed by the difference operation (see Appendix A). From a practical perspective, the removal of intrusion fine structure aids in the classifying segments as having resolvable turbulence signals that are useful for estimating diffusivity (see below discussion of Figure 7 ).
Boundaries between profile segments were determined with an automated procedure based on signal-to-noise ratio (SNR) of the difference temperature signal and magnitude of a smoothed vertical temperature gradient (see Figure 4 for example). First, segment boundaries were set at the edges of resolvable turbulence patches (i.e., high-SNR regions). Then these segments were subdivided based on changes in sign of a 30 cm vertical scale smoothed temperature gradient. The goal of this subdivision was to retain as much of the vertical structure of the intrusion fine structure as possible. The minimum segment size was 0.35 m. Within the halocline the vast majority of the segments were between 0.35 and 2 m in height. The background gradient was calculated as the mean, single FP07 sensor gradient signal within these segments. Within vertically complex temperature profile, this procedure successfully identified turbulence patches and associates them with a physically representative background temperature gradient (Figure 4 ).
Each segment of FP07 data was split in half, overlapped, and windowed in preparation for calculating spectra. Example temperature gradient spectra ( Figure 5 ) illustrate that the energy-containing portions of the dissipation spectra are resolved. The shapes of the heavily averaged spectra presented in Figure 5 are broader than the Batchelor form, but this is because the spectra are averaged in groups sorted by v rather than turbulent kinetic energy dissipation rate. The spectra also show that the noise floor of the spectra is relatively large. The roll-off of the temperature gradient spectrum is resolved well for v > 10 29 K 2 s 21 ; however, the signal to noise ratio is small for lower values of v.
A comparison between v estimates from the two-sensor differencing procedure and those from a single sensor is made in Figure 6 . Profiles of chi estimates averaged over day 403 while the camp was in the Northwind region provide an example of a relatively turbulent period. There is a broad zone in the upper portion of the pycnocline between about 20 and 80 m depth with clearly resolved v. The two versions of the estimates are well-correlated with the differencing-based estimate about 30-50% of the single sensor estimate. Example profiles from day 527 while the camp was in the Southern Plateau regions provide an example of weak turbulence and the presence of interleaving fine structure (see Figure 3b ). In this example, the two versions are not as well correlated, and there are zones (centered at 60 and 90 m depth) where the differencing-based estimate is close to the noise level whereas the single sensor estimate is moderately energetic. These are areas where the fine structure dominates the single sensor estimates.
Halocline segments (i.e., from all segments below the surface mixed layer; Figures 7a and 7b) are distributed bimodally in the two-dimensional space of v (calculated with the differencing method) and dT =dz. The smaller mode corresponds to segments with resolvable (i.e., that are detectable with profiler sensors) turbulent fluctuations and has its peak at about 10 28.5 K 2 s
21
. The larger mode corresponds to segments without resolvable fluctuations and its peak is at 10 210 K 2 s
. There is some overlap between the noise mode and the turbulence mode, but there is a distinct ''valley'' in the distribution running along the line v 5 10 29 K 2 s
. This is consistent with the examination of the temperature gradient spectra of Figure 6 , which indicates that for v < 10 In contrast, the distributions of halocline segments using single sensor estimates of v (calculated without the differencing method; Figures 7c and 7d ) do not contain a clear separation between resolvable turbulence and noise. This results from the presence of fine structure variance associated with intrusions. The blurring together of noise, fine structure, and turbulence signals within the single sensor estimates highlights a strong advantage of the differencing approach with this data set: with the differenced estimates it is relatively easy to discriminate between resolved turbulence and noise.
Osborn and Cox Model
Diffusivity estimates were derived from v and dT =dz using the method of Osborn and Cox [1972] , in which a statistical balance is assumed to hold between the production and dissipation of turbulent potential temperature variance,
where T In this model, then, the vertical turbulent heat flux is given by
and the vertical turbulent diffusivity of heat, defined by
is
Accurate k T estimates require robust estimates of both v and dT =dz. The profile segmentation procedure described above is successful at assigning a physically meaningful background temperature gradient to each v estimate. This is an important aspect of the procedure, as it was not possible to ensemble average over multiple profiles (because the fine structure evolved rapidly between profiles), or average over large vertical extents (because the fine structure was present on small scales), to estimate the mean background gradient. Poor estimates of the background gradient can lead to large errors in diffusivity estimates.
In the space of v and dT =dz (Figure 7a) , a large majority (74%) of the segment observations lie to the right of the molecular diffusivity contour (black line in Figure 7a; i.e., these segment diffusivity estimates are less than the molecular level). Even though an overwhelming majority of these segments have v values below the detection threshold, we can conclude that there was effectively no turbulence within these segments. For further analysis, we set the turbulent diffusivity in these segments to the molecular level. A smaller portion of the observations (22%) lie to the left of the molecular diffusivity contour and below the line of resolvable v. In this zone, the temperature gradient is small enough that v values below the profiler detection limit would result in turbulent diffusivities greater than the molecular value. We classify and present these segments as having indeterminate k T . As seen in the histogram (Figure 7a ), this situation arises in low temperature gradient regions (jdT =dzj < 0.01 Km 21 , the green-shaded portions of Figure 3 ). The remaining observations (k T > j T and v > 10 29 K 2 s
21
) have resolvable signals with diffusivity greater than molecular levels. We refer to these as ''actively turbulent'' segments.
For calculating depth-averaged statistics (see next section), we need a treatment for those segments in which k T is indeterminate. Histograms of v grouped by k T (Figure 7b) show that separation between turbulent and noise-dominated segments persists across the range of observed k T . Based on this observation, we conjecture that the large majority of segments in the k T -indeterminate space have near-zero turbulence levels (further treatment of these segments is introduced in the next section). 
Results
Dissipation and Diffusivity
We begin by presenting example sections of v and k T constructed from individual vertical profiles (i.e., no averaging over profiles) from two 14 day long periods (Figure 8 ). The first example is from the Central Canada Basin (year days 300-314; Figures 8a and 8c ) and the second example comes from the Northwind Ridge and Plain (year days 390-404; Figures 8b and 8d ). In the yellow-shaded regions of Figures 7a and 7b , the ocean was either laminar or the turbulent temperature fluctuations were so small that they could not be detected with the profiler system. The example sections of k T (Figures 7c and 7d) illustrate the intermittent and patchy nature of the halocline turbulence, with the color-coding specifically denoting regions where the turbulent diffusivity is at molecular levels (yellow shading) and where it is indeterminate (gray shading). In the Central Canada Basin example, there were only a few patches of detectable v in the halocline. Diffusivity, which could be determined primarily in the detectable v patches and in the ACW temperature maxima layer, was generally weak. The Northwind example contains many segments of detectable v in the upper halocline, and corresponding diffusivity estimates are often well above molecular levels.
To graphically present the entire record, some averaging over profiles is required. Daily averaged, timedepth sections of v and k T provide such an overview of the SHEBA turbulence results (Figure 9 ). Segments with indeterminate k T values are not included in the daily averages; as a result, the averaged results give a biased view of the fraction of the water column in which k T could be determined.
Time-depth sections of v (Figure 9a ) highlight the overall patchiness of turbulence in the mixed layer and halocline. As expected, v values are modulated by the magnitude of dT =dz (Figure 3) , with turbulence acting on those segments with large background temperature gradients to produce large turbulent temperature fluctuations. In the halocline, v was detectable within the temperature gradient features associated with subsurface temperature maxima, frontal interleaving, and in the Lower Halocline Water of the cold halocline. Largest values of halocline v occurred in the ACW layer above the Northwind Ridge and Plain, where the ACW T max had its largest values (Figure 2c ).
Scaling the v estimates by the squared temperature gradient to form the Osborn-Cox estimate of diffusivity (Figure 9b ) brings out the dominant feature of the SHEBA diffusivity record, a clear enhancement of diffusivity above the Chukchi Borderlands. Whereas the v section is heavily modulated by the temperature gradient, the k T section decorrelates from the background temperature vertical structure. The k T section comprises bursts of turbulent activity that often span most of the profiled halocline. These periods of turbulent halocline diffusivity were strongest and occurred most frequently while the camp drifted over the bathymetric features of the Chukchi Borderlands. Variability in time is stronger than variability in depth. Examination of vertical structure is complicated by the tendency for areas of indeterminate k T to occur in temporally coherent, low temperature gradient layers.
In the surface mixed layer, entrainment events due to surface forcing are evident as periods of elevated v in which surface layer turbulence erodes the temperature gradient at the base of the mixed layer, transporting heat and turbulent temperature variance into the surface layer. High values of diffusivity in the mixed layer are associated with surface-stress-forced turbulence. Shaw et al. [2009] discussed these events in detail. We do not describe the surface-forced, mixing-layer turbulence further here, other than to note that these events produce many of the largest diffusivity values observed in the profiler record (k T > 1 3 10 24 m 2 s 21 ).
Because of (1) the obvious geographic variability in the record, (2) the limited depth span of the observations, and (3) the complexity of evaluating vertical structure, we focus on statistics representing averages over the vertical extent of the halocline, i.e., from the base of the surface mixed layer (calculated using a difference from surface salinity criterion, following Shaw et al. [2009] ) to the bottom of the profiles.
Time series of the fraction of halocline in which k T was laminar and of the fraction that was actively turbulent (k T > j T ; Figure 10a ) summarize the patchiness of halocline turbulence; in particular how large portions of the halocline are laminar. These time series provide the accurate quantification of the amount of the water column that is turbulent (in agreement with the individual profile sections of Figure 8 , but in contrast to the averaged profile sections of Figure 9 ). For the initial part of the drift over the deep Canada Basin (regions Central and Western Canada Basin, through year day 340) the whole of the profiled halocline was essentially laminar. Only 1% of the halocline was turbulent (20% was determinate in k T ). The fraction of actively turbulent halocline increased as the camp approached and came upon the Northwind Ridge. For the Northwind, and Southern Chukchi regions, 15% of the halocline was turbulent on average. The remaining portions of the halocline (those that were not laminar or actively mixing) had indeterminate k T values. Above the Chukchi Borderlands, k T could be determined in about 40% of the sampled halocline. Away from Chukchi Borderlands, k T could be determined in less than 20% of less of the water column.
We calculated two versions of depth-averaged k T , denoted by hk T i. The first version is the average of the determinate values (Figure 10b , light line). We believe that this statistic is biased high by excluding the indeterminate regions, in which the distribution of v (Figure 7b and discussed above) indicates that indeterminate areas have negligible turbulence levels. To account for this supposition, a second version assigns the molecular value of diffusivity to all indeterminate areas and then takes a vertical average (Figure 10b , dark line). The two averaging procedures produce hk T i estimates that are well correlated and quite similar in magnitude. The first version produces estimates that are, on average, about twice as large as the second version. Based on the above reasoning, we believe that the second version produces the most physically representative value of halocline diffusivity, and we use it for further descriptions and calculations.
Time series of daily averaged hk T i quantify an order of magnitude increase in turbulent activity and diffusion along the SHEBA drift as it passed over the Chukchi Borderlands ( Figure 10b ). As turbulence was present in only a small fraction of the water column, hk T i was close to the molecular level in the Canada Basin regions. Region averages of hk T i for the Central and Southern Canada Basin were 2.2 3 10 27 and 3.4 3 10 27 m 2 s 21 , respectively. Diffusivity increased as the camp approached and came upon the Northwind Ridge (year days 380-441). This increase reflects a combined effect of more of the water column being turbulent and those regions having higher diffusivity levels. For the Northwind Region, the average value of hk T i was 3.7 3 10 26 m 2 s 21 . This is the largest regional value obtained, but it is still a small oceanic value, similar to the molecular viscosity and an order of magnitude smaller than is typically observed in subpolar ocean basins [e.g., Gregg, 1987; Toole et al., 1994; Kunze and Sanford, 1996; Polzin et al., 1997] . In the Southern Chukchi Plateau region, the average of hk T i was 2.7 3 10 26 m 2 s 21 , similar to, but slightly smaller than, the average seen above the Northwind Ridge. For the Mendelyev Plain region, turbulence activity declined to levels similar to those of the Canada Basin, and the region-average diffusivity was 4.5 3 10 27 m 2 s 21 .
Relationship Between Bathymetry, Strain, and Mixing
The turbulence results (Figures 8 and 9 ) document a clear relationship between halocline diffusivity and local bathymetric features. We explore this connection further by considering the geographic variability of halocline strain variance (a surrogate for internal wave activity) along the drift. Using CTD data (there is not a complete water column velocity record for the SHEBA drift), a useful measure of internal wave activity is vertical strain. We constructed a strain variance record by calculating the variance of the vertical gradient of isopycnal displacements [e.g., Alford and Pinkel, 2000] at 1 m vertical scales and taking the mean of this variance within the halocline (i.e., excluding mixed layer) at daily intervals to match the hk T i record of Figure  10 . The profiler sampling schedule was irregular with many O(12 h) gaps, preventing the use of timedomain filtering to separate internal wave and mesoscale contributions to strain, thus the calculated strain record contains contributions from eddies, fronts, and intrusions in addition to internal waves. A map of strain variance along the drift (Figure 11a) shows that halocline strain is clearly related to the underlying bathymetry. Halocline strain variance in the Canada Basin has an average value of 0.02. Strain variance increases rapidly about 130 km from the steep flanks of the Northwind Ridge. Above the Chukchi Borderlands, the average value of strain is 0.08. Halocline strain reaches local maximum values of 0.2 at the steep eastern flanks of the Northwind Ridge and the moderately steep western flanks of the Chukchi Plateau (Figures 11a and 11b) . Strain is reduced above the Northwind Ridge Abyssal Plain and the ''inner'' portion of the Chukchi Plateau. Strain decreased as the camp drifted off of the Northern Chukchi Plateau wrapping around the northern ''nose'' of the plateau. The average value above the Mendeleyev Plain is 0.06. The decrease coming off the Chukchi Plateau is not as rapid as the increase that occurred on the flanks of the Northwind Ridge. A likely explanation for this difference is that the camp stayed within about 50-60 km of the sloping flanks of the Plateau throughout the latter portion of the record.
Time series of bathymetry, depth-averaged strain variance, and depth-averaged diffusivity (Figure 11b ) demonstrate a physical linkage between bathymetric features, halocline strain, and elevated turbulence.
Halocline diffusivity tracks along with the increase in vertical strain in the halocline above the Chukchi Borderlands-the strain and diffusivity are significantly correlated (at confidence level of greater than 95%), with squared correlation coefficient of 0.27. The lack of higher correlation is not too surprising, as diffusivity is expected to depend on shear in addition to strain [e.g., Kunze et al., 2006] . In an environment of wave generation or reflection over complex topography, the shear-strain ratio of the internal wavefield is likely to have significant spatiotemporal variability that would prevent a simple formulation of hk T i as a function of only strain. Based on velocity data from the SHEBA drift, Pinkel [2005] demonstrates that upward propagating, near-inertial wave energy is enhanced near topographic features. That result helps to corroborate the link between CTD-derived strain variance and internal wave activity.
Subsurface Temperature Maxima and Halocline Heat Fluxes
With vertically averaged diffusivity estimated, vertical heat fluxes within the halocline can be investigated. Fluxes were calculated with (4), using observed temperature profiles and the time-varying, but depthaveraged diffusivity estimates hk T i. Resulting fluxes are presented as a time-depth section ( Figure 12a ) and region-averaged vertical profiles, in which the temporal averaging was done in isohaline tracking bins (Figures 12b-12f ).
In the Canada Basin (Figure 12b ), the near-molecular diffusion results in a slow transport of heat out of the two distinct temperature maxima. Heat is moving upward from the upper layer and into the surface mixing layer at a rate of 0. Borderlands results in thermodynamically significant heat transports in this region (Figures 12d and 12e ). In particular, the heat flux from the single subsurface temperature maxima upward to the surface layer is approximately 2 W m 22 . There is a downward flux of about 1 W m 22 from the bottom side of the temperature maximum. Over the Chukchi Plateau, there are fairly large fluxes associated with the interleaving fine structure. These fluxes contribute to mixing south of the front between Atlantic and Pacific water mass assemblies, but there is near-zero net vertical transport associated with these fluxes, as the regionaveraged profile is near-zero below the subsurface temperature maximum. An exception occurs at the bottom of the profiled range, where there are small, consistent, positive fluxes from a weak temperature maximum in the lower halocline associated with the shoaled AW (Figure 2c ). In the Mendeleev region, small diffusivity values and irregular temperature vertical structure result in essentially zero average vertical temperature flux (Figure 12f ).
Atlantic Layer Heat Fluxes and Stair Cases
We also use the depth-average diffusivity estimates to assess the vertical turbulent fluxes across the boundary between the halocline and the Atlantic Water layer. We accomplish this by assuming the depth average (base of surface mixing layer to about 150 m depth) diffusivity from the profile observations can be applied to the temperature gradients measured by the deep CTD profiles. The flux between the Atlantic Layer and lower halocline was taken as the average flux in the salinity range 34.25 psu < S < 34.5 psu. This salinity layer varied in depth from about 300-250 m over the Canada Basin and then shoaled to about 250-200 m depth for the remainder of the record (Figure 2c , salinity contours). This is below, but not far below, the profiler depth range over which hk T i is calculated.
Properties of the AW are characterized with time series of layer temperature maximum and temperature gradient within the flux estimate salinity range (34.25-34.5 psu; Figure 13a ). Below the cool halocline of the Canada Basin, the temperature maximum is about 0.45 C. The maximum increased to 1 C in the two warm ''pulses'' of AW heat that are visible in the CTD temperature section (Figure 2c ). The halocline/AW temperature gradients become steeper (more negative) moving from the cool to cold halocline, although the temperature maximum pulses did not contribute to steeper gradients.
There is an interesting relationship between k T and the presence or absence of staircase features in the Atlantic Layer (Figure 13b ). Staircases were only identified at the beginning and ending of the record, away from the Chukchi Borderlands bathymetry and where the diffusivity was at near-molecular levels ( Figure  14) . The density ratio of the AW does not vary significantly from the Canada Basin to the Chukchi Borderlands. In the Canada Basin, density ratio is close to 3.5, while over the Chukchi topography is close to 4.5. Possibly, the enhanced turbulence above the Borderlands was able to disrupt the formation of staircases.
Variability in the heat flux at the halocline/AW boundary (Figure 13c ) is dominated by variability in k T , which is much greater than variability in temperature gradient. Over the Canada Basin (before year day 380) and over the Mendeleev Plain (after year day 574) the vertical flux was less than about 0. transport mechanism changes, there is little difference in vertical heat transport between Canada Basin and Chukchi Borderlands. The Borderlands are not a hot spot for heat loss from the AW. Also, as noted above, because of the temperature minimum that was always present in the halocline, at no place along the drift was there direct vertical flux between AW and upper pycnocline-even in the shallow water of Chukchi Plateau or in the cold halocline that lacked subsurface temperature maxima.
Discussion
Our finding that the halocline diffusivities are at near-molecular levels in the Canada Basin are consistent with other recent investigations that have directly measured halocline diffusivity in deep Arctic Basins [Rainville and Winsor, 2008; Fer, 2009] . The elevated mixing observed above the Chukchi Borderlands is a significant result, but the magnitude of the diffusivity over the Chukchi Borderlands remains small in comparison to reported diffusivities over the Yermak Plateau [Padman and Dillon, 1991] and the Lomonosov Ridge [Rainville and Winsor, 2008] . As reviewed by Guthrie et al. [2013] the internal wave energy in the Canada Basin is weaker than in the central and eastern Arctic, indicating the internal wave generation by topographic interactions in the Western Arctic is relatively weak. For example, Pinkel [2005] finds that elevated internal wave energy near bathymetric features along the SHEBA drift result from the critical reflection of near-inertial waves rather than topographic generation.
Over the Chukchi Borderlands, Shaw et al. [2009] found that, on average, 2-3 W m 22 were entering the surface layer from below and emphasized the availability of heat and reduced stratification just below the base of the mixed layer in allowing these significant fluxes to persist. The present results add an additional factor, the enhanced halocline diffusivity. We find that over the Borderlands, the enhanced diffusivity supports a heat flux of about 2 W m 22 upward from the ACW subsurface temperature maxima, indicating that the halocline heat transport is sufficient to resupply heat toward the base of the surface layer, where it can be entrained into the surface layer by intermittent surface forcing events. The SHEBA experiment took place on the leading edge of the rapid reduction in the Arctic perennial sea ice cover over the last decade and a half. Increasing insolation to the upper ocean has led to increasing heat content of the heat-containing layers of western Arctic halocline [Jackson et al., 2011 [Jackson et al., , 2012 . Even if diffusivity is unchanged from that observed from SHEBA, the Chukchi Borderlands are expected to experience exaggerated ice retreat due to increased ocean heat in subsurface temperature maxima. It is possible that present-day turbulence levels in the western Arctic are somewhat higher than observed during SHEBA because of increasing inertial energy input to the ocean, although this change is not evident in recent surveys of Arctic turbulence levels [e.g., Guthrie et al., 2013] .
Warming of AW water is a component of Arctic change [e.g., Polyakov, 2010] . Pulses of warm AW are not likely to have a significant impact on the ice cover in the Canada Basin or the Chukchi Borderlands, unless the AW warming is accompanied by fundamental changes in the structure of the halocline and enhanced internal wave activity near the shallower topography.
Summary and Conclusions
A nearly year-long record of upper ocean temperature, conductivity, and temperature microstructure profiles were collected from an ice camp drifting in the Beaufort Gyre as part of the 1997-1998 Surface Heat Budget of the Arctic Experiment (SHEBA). This time series represents the most extensive turbulence data set ever obtained in the Arctic Ocean. Geographically, the record includes portions over the deep Canada Basin and the steep bathymetry of the Chukchi Borderlands region. Hydrographically, the record includes examples of both Pacific-origin, ''cool'' haloclines, which contain a variety of subsurface temperature maxima, and cold haloclines typical of the Eurasian Basins. The data set was collected near the beginning of the ongoing decline in the Arctic sea ice cover.
We find that vertical diffusion proceeds at molecular rates in the deep basins and away from topographic features. While still relatively small, diffusivity is enhanced by 1 order of magnitude near and above the Chukchi Borderlands. The enhanced diffusivity is correlated to an increase in water column strain variance above the Borderlands, providing a linkage between bathymetry, internal wave activity, and turbulence. The Chukchi Borderlands play a significant role in heat transport in the Western Arctic. It is a pathway for horizontal heat transport and a hot spot for vertical heat transport. From the subsurface temperature maximum situated over the Chukchi Borderlands topography, there is an average vertical heat flux of 2 W m 22 upward toward the surface mixed layer and a downward flux of 1 W m 22 toward the temperature minimum located in the lower portion of the halocline. These estimates can provide some guidance on the amount of heat in subsurface layers that can be expected to melt ice versus warm underlying waters. Vertical fluxes make a substantial contribution to the energy balance of the sea ice cover in this region. Heat fluxes between the halocline and underlying Atlantic Water are shown to be small and lacking vertical connection to the upper pycnocline.
So far, studies of mixing in the Arctic basins since SHEBA have not measured significant increases in vertical diffusivity. However, it will be important to continue measurements of Arctic mixing giving the ongoing declines in sea ice extent. 
Here, k B 5ðe=vj 2 Þ 1=4 is the Batchelor wave number and q is the strain rate ratio parameter. Owing to the isotropy of the flow, the threedimensional wave number spectrum is simply 
where a5k 3 k B ffiffiffiffiffi 2q p is the Batchelor-scaled wave number.
A2. The Difference Spectrum
As a means of reducing fine structure contamination, consider the temperature difference between positions x and x 1 Dx, with fixed separation Dx, as a function of time t, Dhðx; t; DxÞ5hðx; tÞ2hðx1Dx; tÞ:
The Dh correlation function is 
The three-dimensional (3-D) spectrum of Dh is 
Physically, the effect of the differencing operation on the spectrum is that each component now consists of two parts: (1) two times the spectral density of the undifferenced spectrum and (2) a phase-shifted component dependent on the magnitudes and relative orientations of the wave number component of interest and the spatial separation vector. Note that for a signal containing no variability in the direction of the Figure A1 . Batchelor spectral forms for differenced temperature signals for different values of the dimensionless separation k B Dx 2 = ffiffiffiffiffi 2q p . The difference spectra approach the standard Batchelor form (without differencing) as this parameter becomes large.
